A rotating catalyst contact reactor (RCCR) was developed which consisted of palladized bacterial cellulose immobilized on acrylic discs for hydrodechlorination of pentachlorophenol (PCP). More than 99% of 40 mg L −1 PCP was dechlorinated to phenol in the presence of hydrogen in batch mode at initial pH values of 5.5 and 6.5 within 2 h of reaction with stoichiometric release of free chloride. The rate of PCP dechlorination was found to be independent of rotational speed of discs. PCP (40 mg L −1 ) hydrodechlorination experiments were also conducted using RCCR in continuous flow mode at hydraulic retention times of 1 and 2 h. The average outlet PCP concentrations revealed that liquid phase in RCCR closely resembled that of a continuous flow complete mix reactor (CFMR). Approximately 12 and 11 L of 40 mg L −1 PCP (pH 6.5) could be treated in RCCR with 99 and 80% efficiencies in batch and continuous flow modes, respectively without any appreciable loss of the catalytic activity. These results suggested reusability of palladized bacterial cellulose which in turn is expected to substantially reduce the cost of treatment process. Thus RCCR seems to have high potential for treatment of ground water contaminated with chlorinated organic compounds. Dried palladized bacterial cellulose has been used as a material for electrodes in a fuel cell. However, its application as a hydrodechlorination catalyst in a reactor operating under room temperature and atmospheric pressure has not been reported to the best of our knowledge. Scanning electron microscopy, energy dispersive X-ray spectroscopy and X-ray diffraction analyses suggested the irreversible deposition of palladium (Pd 0 ) particles on the bacterial cellulose fibrils.
Introduction
Pentachlorophenol (PCP) is listed as one of the priority pollutants and identified as a carcinogen by US EPA [1, 2] . Chronic exposure to PCP is known to damage kidney, liver, blood and nervous system [3] . PCP can be found in the air, water, and soil, and enters the environment through evaporation from treated wood surfaces, industrial spills, and disposal at uncontrolled hazardous waste sites. PCP has been identified in 9 out of 65 samples of paints used in children's toys at a level of 100-2700 mg kg −1 [4] . The widespread presence of PCP in the environment necessitates development of techniques for its removal.
Many reports on the biodegradation of PCP are available in literature [5] [6] [7] [8] . Biological degradation of PCP often requires long acclimation and retention times. In addition, requirement for specific redox conditions, for anaerobic degradation [9] and accumulation of more toxic chlorinated intermediates [4] following the incomplete aerobic degradation processes restrict the field application of biological systems for remediation of water contaminated with PCP. Advanced oxidation processes have been reported for the effective oxidation of PCP [10] . However, such processes are expensive, non-selective and attack chlorinated and non-chlorinated compounds with equal potency. Abiotic processes such as adsorption on activated carbon or other adsorbents, air stripping, reverse osmosis (RO) are expensive and merely result in phase transfer without destruction of chlorophenols. Besides many abiotic and biological processes, zero-valent metal and bimetallic systems have been utilized to dechlorinate chlorinated organic compounds. Reduc-tive dechlorination by zero-valent metals such as Mg 0 or Fe 0 is very slow and often incomplete. On the other hand, bimetallic systems such as Fe 0 /palladium or Mg 0 /palladium can achieve near complete dechlorination of recalcitrant pollutants such as DDT, DDD, DDE and chlorophenols [11] [12] [13] . However, advantages of bimetallic system such as high rate of reaction, efficiency, mild reaction conditions, and requirement for minimal follow-up treatment, will be defeated if reactor design does not permit the reuse and recovery of expensive catalysts such as palladium through immobilization on suitable support matrices. Hydrodechlorination of chlorophenols using supported palladium has been reported profusely in the literature [14] [15] [16] [17] [18] [19] . Various types of support materials such as carbon, chitin, chitosan, amino acids, alumina, silica, zeolites, and metal oxides such as TiO 2 , MgO, ZrO 2 have been used for the immobilization of palladium [14, 18, 20] . Some of the commercially available immobilized palladium catalysts are: Pd/C and Pdalumina. However, their major limitations are:
• Expensive, which precludes their field scale application.
• Support material undergoes unwanted ion-exchange reactions with HCl, which is released as the by-product of dechlorination reaction leading to substantial loss of catalytic activity [17, 18] .
• Limited information with respect to their applicability for reactor development.
Survey of literature review revealed that a biogenic material, namely, bacterial cellulose (BC) has been used as a support material to immobilize palladium in zero-valent form (Pd 0 ) [21] . BC is made up of unbranched chains of 1,4-β-glucopyranose molecules which are extruded in pure form by certain species of bacteria. Nascent chains of BC aggregate to form subfibrils of ∼1.5 nm width and is one of the thinnest naturally occurring biopolymers. BC subfibrils are crystallized into microfibrils, then into bundles, and subsequently into ribbons stabilized by hydrogen bonds [22] . The presence of reductive terminal groups of aldehyde hydrate [21, 23] gives BC a capacity to reduce a metal salt and impregnate the metal particles. The reticulated structure of BC provides high surface area, and capacity to absorb ∼200 times of its own weight of water. Evans et al. [21] have shown that in addition to palladium, BC is capable of precipitating gold and silver, respectively from hexachloroaurate and silver nitrate solutions. Although the presence of reducing sugars is believed to catalyze reduction of a metal salt by BC, exact mechanism is yet to be fully understood. The conventional cellulose produced by plants is made up of 'fringed micelles' which are held together by lignin and hemicellulose [22] . Chemical treatment at high temperature is essential to purify plant cellulose (PC) which involves the removal of lignin and hemicellulose bound to it. Moreover, the physical structure of PC is not as reticulated as that of BC. Thus chemical and physical properties of PC do not allow it to reduce and incorporate a metal. Other unique properties of BC are listed below.
• Can be grown to any required size and offers large surface area due to its sponge like structure.
• Production can be customized to suit any reactor configuration (for example, it can be cut and used as cubes or immobilized on a support material).
• An economical support material that can be produced from a wide variety of biodegradable organic substrates.
The above listed features of BC attracted our attention and led us to explore its use for the reductive dehalogenation of recalcitrant pollutants such as pentachlorophenol (PCP). Evans et al. [21] , demonstrated the use of palladized (metallized) bacterial cellulose as an electrode. However its application as a catalyst for mediating reductive reactions such as hydrodechlorination in a reactor has not been reported to the best of our knowledge. Thus, the specific objectives of our investigations were: (1) to design and develop a reactor which employed palladized bacterial cellulose, (2) to study the kinetics and extent of PCP dechlorination in a reactor operated in batch and continuous flow modes, (3) to study the effects of pH and RPM on PCP dechlorination. Use of a palladium catalyst deposited on a biogenic material has been also reported by Mertens et al., [24] . The authors demonstrated reductive dechlorination of lindane by nano-scale Pd 0 particles deposited on the surface of Shewanela oneidensis. However, the deposition of nano-scale Pd 0 particles and dechlorination required the supply of sodium formate as an electron donor to the bacterial culture.
Materials and methods

Sources of chemicals
Potassium hexachloropalladate (K 2 PdCl 6 ), potassium carbonate, 1,1-dichloro-2,2-bis-(4-chlorophenyl) ethylene (DDE) were purchased from Sigma-Aldrich Chemical Company. Cyclohexane, glacial acetic acid, phenol, sodium acetate, ferric nitrate, mercury(II) thiocyanate, and hydrochloric acid were purchased from Merck India Ltd. Acetic anhydride was purchased from S.D. FineChem Ltd. Pentachlorophenol sodium salt ( 90%) was purchased from Fluka. All chemicals were of high purity and analytical grade. Potassium carbonate was baked overnight in furnace at 400 • C prior to use. No pretreatment was carried out with other chemicals. Deionized water obtained from Barnstead deionization system was used for making reagents.
Design of rotating catalyst contact reactor (RCCR)
The major considerations for the design, development and operation of a reactor were: (a) immobilization of bacterial cellulose on a suitable support material and in situ palladization, (b) provision to provide high surface area of palladized bacterial cellulose for dechlorination reactions and (c) requirement for the exposure of immobilized palladium alternately to liquid phase containing the chlorinated pollutant (PCP) and gaseous phase containing molecular hydrogen [25] . Based on the above listed requirements we designed a RCCR that is similar to rotating biological contactor (RBC). It may be noted that a RBC typically employs living microorganisms such as bacteria, fungi or algae, which are immobilized on the rotating discs. In our investigations, the biogenic non-living matrix, bacterial cellulose was immobilized on circular acrylic discs. The rectangular reactor consisted of 7 circular plates of 100 mm diameter providing a total surface area of 1100 cm 2 ( Fig. 1) . The discs were mounted on a horizontal shaft that was rotated using a magnetic drive to avoid direct connection with the motor and to ensure a leak proof reaction chamber. The speed of rotation could be varied between 1 and 50 rpm. Effective liquid volume of the reactor was 650 mL. The space above the liquid was purged with hydrogen gas and maintained under atmospheric pressure. Experimental details related to the production, immobilization of bacterial cellulose on discs and its palladization are provided in the following sub-sections.
Production of bacterial cellulose in laboratory and palladization
Isolation of a bacterial culture for the production of cellulose
A bacterial culture capable of producing cellulose was isolated in the laboratory as per the tradition followed in Philippines except that orange residue was used instead of pineapple residue [26] . Three cups of orange residue (after extraction of juice) was mixed with 6 cups of water and 1 cup of sugar. The mixture was left undisturbed in a wide mouthed plastic utensil covered by a thin cloth. After 12 to 16 days of incubation, soft, jelly like BC was deposited on the sides of the utensil and on the top of liquid phase containing the orange residue. Following adequate deposition, the cellulose film was carefully removed, sliced into small pieces and used as the source of cellulose producing bacterial inoculum.
Development of bacterial cellulose (BC) film and deposition of metallic palladium on RCCR discs
The medium for bacterial cellulose production was prepared as per the following method. Coconut water (∼650 mL) was boiled, cooled, filtered through ordinary filter papers and introduced into RCCR. To the above medium 65 g L −1 of sucrose, 25 g L −1 of acetic acid and bacterial cellulose producing bacterial culture (preparation as described in the previous section) were added. The top of the reactor was covered with a tight lid and the discs were rotated at 7-8 rpm. Bacterial cellulose was allowed to deposit on the discs until film thickness of ∼2 mm was attained. Pre-treatment and palladization of BC was conducted according to the protocol described by Evans et al., [21] . As a first step, the growth medium in RCCR was replaced with 1% NaOH solution and the discs supporting bacterial cellulose were rotated in it for 24 h. NaOH treated discs were washed thoroughly with water and incubated in 0.5 M sodium acetate solution (pH adjusted to 4.5 using acetic acid). Finally the discs were rinsed with water and subsequently incubated in 500 mL of 5 mM solution of K 2 PdCl 6 prepared in 50 mM sodium acetate solution (pH 4.5). The entire set up was maintained at 70-80 • C until such time (5-6 h) that all the discs turned black in color due to the deposition of metallic palladium. The palladized bacterial cellulose discs were washed thoroughly in water to wash off the residual K 2 PdCl 6 or unbound Pd 0 deposits. The reactor was maintained by continuous slow rotation of the discs in clean water until further use. Photographs of plain bacterial cellulose and palladized bacterial cellulose (PdBC) deposited on acrylic discs of RCCR are shown in Figs. 2 and 3 , respectively. 
Dechlorination of PCP using RCCR
Batch experiments
PCP dechlorination experiments were conducted in batch mode by introducing 650 mL of 40 mg L −1 PCP solutions (prepared using PCPNa) in the reactor. Hydrogen was continuously bubbled (∼40-50 mL/min) at a depth of ∼30 mm below the liquid level at one of the corners of RCCR. The reactor was maintained at atmospheric pressure and room temperature (26) (27) (28) • C) for all the dechlorination experiments. Experiments were conducted using PCP solutions prepared in plain water after the adjustment of pH using acid or alkali. Initial pH values of 5.5, 6.5 and 9.5 were chosen while the RPM values were adjusted to 7, 15 or 25. An experiment was also conducted at RPM of 8 using PCP solution prepared in 10 mM phosphate buffer at pH of 6.5. Rate of PCP dechlorination was monitored by analyzing the aliquots of reaction medium at various time points using GC-ECD. In addition, aliquots were also analyzed for the formation of end products using GC-ECD and GC-FID. Release of free chloride ions due to dechlorination reaction was measured by mercury(II) thiocyanate spectrophotometric method [27] . At the end of 2 h of reaction, RCCR was emptied of its content and refilled with water and equilibrated for 1 h to wash the palladized bacterial cellulose deposited on discs. The wash water was analyzed to quantify for sorbed PCP, dechlorinated products and free chloride ions.
Continuous flow reactor studies
Dechlorination of PCP (pH 6.5) was also studied in continuous feed mode. 10 L of 40 mg L −1 PCP solution (prepared using PCPNa) was passed through the reactor with continuous sparging of hydrogen. RPM was set at 7-8. Two flow rates; 5.5 mL min −1 (HRT ∼2 h), and 11 mL min −1 (HRT ∼1 h), were used. Continuous inflow and outflow was maintained using dual channel "Masterflex" (Cole-Parmar) peristaltic pump.
The effluent was pooled continuously at regular intervals of time and analyzed for chloride, phenol, partially dechlorinated products and residual PCP concentrations. At the end of batch and continuous flow experiments, palladized bacterial cellulose from one of the discs was scrapped off, cut to small pieces, and extracted using cyclohexane to check for the sorption of PCP and other dechlorinated products.
Gas chromatography (GC) analyses
Samples were prepared for GC analyses as per the procedure described by NCASI 86.02 [28] . At designated time points during kinetic studies, 0.3 mL (for GC-ECD) or 3 mL (for GC-FID) aliquots were withdrawn, made up to final volume of 3 mL and derivatized by adding 78 µL of 4.35 M potassium carbonate solution and 90 µL acetic anhydride. Subsequently, derivatized samples were extracted twice by mixing with 1.5 mL cyclohexane on a high-speed vortex mixer for 45 s. 0.2 or 1 µL of pooled hexane extracts were injected for GC-ECD and GC-FID analyses, respectively. DDE (1,1,-dichloro-2,2-bis-(4-chlorophenyl) ethylene) was used as an internal standard to note the efficiency of solvent extraction procedure. GC analyses were carried out using Agilent Injector and detector temperatures were set at 210 and 300 • C, respectively. Injections were performed in splitless mode using nitrogen as the carrier gas (gas velocity 36 cm/s). Purge time and flow were set at 0.5 min and 100 mL min −1 , respectively. Calibration plots for chlorophenols were prepared in the concentration range of interest and were found to be linear with R 2 values >0.98.
Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS) and X-ray diffraction (XRD) analyses
SEM and EDS analyses of dried palladized bacterial cellulose film were carried out using a Hitachi S3400N scanning electron microscope (Thermo Noran NSS200 instruments) equipped with a backscattered electron detector. An ultrathin coating of electrically conducting material, gold was deposited on the surface of PdBC for obtaining the high resolution back scattered scanning electron image. Powder XRD analysis was performed using a diffractometer system (model: Xpert-PRO make: Phillips, Netherland).
Results and discussion
Sorption of PCP onto palladized bacterial cellulose in RCCR
Removal of PCP in RCCR could occur through (a) nonreactive sorption of PCP on to palladized bacterial cellulose mass or (b) sorption of PCP with concomitant reductive dechlorination. Control experiments conducted with RCCR (operated in batch mode) in the absence of hydrogen revealed that as much as 60-70% of 40 mg L −1 of PCP was physically adsorbed onto palladized bacterial cellulose mass. This amount of sorbed PCP could be recovered through extraction in cyclohexane following acetylation (since acetylated PCP is efficiently extracted into hexane). In the next step we examined the contribution of sorption towards removal of PCP following catalytic reaction. Hydrogen was sparged into RCCR containing PCP solution to initiate reductive dechlorination reaction. Following 2 h of incubation period the palladized bacterial cellulose immobilized on one of the discs of RCCR was completely scrapped off and extracted using cyclohexane following acetyl derivatization. GC-ECD analysis of this extract showed negligible presence of PCP. Thus it may be concluded that sorbed PCP was dechlorinated following reaction with the active species of hydrogen generated on the surface of palladized bacterial cellulose. overall yield of 98% in 83 h [16, 19] . In the present investigations almost stoichiometric release of chloride ions (expected yield of 26 from 40 mg L −1 of PCP) was observed. pH of the reaction phase at the end of 2 h of reaction was found to be 3.2 and 3.3, for PCP solutions fed to RCCR at pH values of 5.5 and 6.5, respectively. Reduction of pH may be due to the generation of HCl as per the reaction shown below. 
Effect of pH on PCP dechlorination using RCCR in batch mode
However the catalytic activity of palladized bacterial cellulose was not inhibited by the production of HCl. Several researchers have reported that dehydrodehalogenation reactions were inhibited due to the release of halides in form of mineral acid [17, 18, 29, 30] . For example, Hoke et al., conducted hydrodechlorination of chlorophenols in ethanol and 1:1 water:ethanol at 35 • C and 2.45 kg cm −2 pressure using Pd/C catalyst [19] . They reported that the addition of a base (concentration ∼2 to 3 times higher with respect to acid production) such as sodium hydroxide, sodium acetate, or ammonium hydroxide was essential to maintain the pH of the reaction phase and that the catalyst (Pd/C) was rapidly deactivated in the absence of a base. It may be noted that Hoke et al. used very high concentration of chlorophenol (e.g., ∼78 mM of 4-CP) and hence the corresponding concentration of HCl released following complete dechlorination was very high (∼2.8 g L −1 HCl) [19] . Calvo et al., studied hydrodechlorination of 100 mg L −1 of 2-chlorophenol and 4-chlorophenol (stoichiometric HCl concentration ∼28 mg L −1 ) using Pd/C catalyst [15] . Complete dechlorination of chlorophenols to cyclohexanol was reported by the authors without the addition of a base. We also studied the dechlorination of PCP study under alkaline conditions since increase in pH from 5.5 to 6.5 increased the dechlorination rate. Time course profile of PCP disappearance at an initial pH of 9.5 is shown in Fig. 5 . It is interesting to note that PCP removal was incomplete and proceeded at a very slow rate (first-order rate constant: 0.012 min −1 ). Moreover, it was noted that the color of the aqueous solution turned blackish due to the release of tiny fibers of palladized bacterial cellulose. The washing of the discs with distilled water following the experimental run also resulted in substantial loss of palladized bacterial cellulose in the form of fine fibers. Thus, alkaline conditions had detrimental effect on the performance of RCCR.
An additional experiment was also conducted using PCP solution made in phosphate buffer at pH 6.5 (Fig. 5) . It is interesting to note that the rate (first order rate constant: 0.022 min −1 ) and extent of PCP dechlorination decreased substantially as compared to those obtained at pH 6.5 in unbuffered reaction medium (Fig. 4) . Concentrations of phenol and chloride ions generated from the dechlorination of PCP at initial pH values of 9.5 and 6.5 (buffered) were negligible and hence not shown in the figure. From the ongoing discussion it may be concluded that unbuffered aqueous phase (for example, plain water) with an initial pH ranging from 5-6.5 is well suited for the complete dechlorination of PCP in RCCR.
Effect of RPM on PCP dechlorination using RCCR in batch mode
Since the dechlorination of PCP in RCCR was facilitated by the sequential exposure of rotating palladized bacterial cellulose discs to aqueous phase containing target pollutant and gaseous phase containing hydrogen, we decided to study the effect of RPM of discs on the rate of PCP dechlorination. Comparison of first-order kinetics plots for PCP removal data obtained from experiments conducted at various RPM revealed that the speed of rotation did not have significant effect on the rate or extent of PCP removal (plots not shown). One can hypothesize that the adsorption of hydrogen with concomitant reductive dechlorination of PCP was very rapid and hence independent of RPM. This feature should be advantageous for the field scale application of this system since it can reduce the power requirement for the operation of reactor. Fig. 6 presents results related to the dechlorination of PCP (pH 6.5) using the RCCR in continuous flow mode. It was observed that at any time point the concentration of PCP was more or less uniformly distributed in the reactor. Thus one can assume that the liquid phase of RCCR was almost completely mixed. For a completely mixed continuous flow reactor (CMFR) operating under steady state conditions, the relationship between the concentration of PCP in the reactor (or effluent concentration) to that of in the reactor inlet can be given by the Eq. (2) as shown below [31] . 
PCP dechlorination using RCCR in continuous flow mode
SEM, EDS and XRD analyses of palladized bacterial cellulose
SEM and EDS analyses of a dried palladized bacterial cellulose film were done after the completion of PCP dechlorination experiments (Figs. 7 and 8) . Back scattered scanning electron image of the dried PdBC revealed the presence of bright spherical Pd 0 deposits interspersed with the BC fibrils (Fig. 7) . At a resolution of 20 K, the average diameter of Pd 0 deposits was estimated to be in the range of 100 to 150 nm. Quantitative EDS analyses further indicated that the element, palladium constituted ∼23% of the total dry weight of PdBC (Fig. 8 and Fig. 8 . Energy dispersive X-ray spectrum of dried palladized bacterial cellulose film following the completion of PCP dechlorination experiment. Table 2 ). The powder XRD analysis of PdBC also showed the presence of distinct peaks corresponding to palladium thereby indicating the deposition of the metal in the bacterial cellulose matrix (Fig. 9) . The results obtained through SEM, EDS and XRD analyses clearly suggest the irreversible impregnation of Pd 0 on the BC fibrils.
Recovery and leaching of palladium from palladized bacterial cellulose
Following the completion of PCP dechlorination experiments in batch and continuous flow modes, the PdBC mass was scrapped off from all the rotating discs, dried at 105 • C overnight followed by ignition at 650 • C for 4 h. The weight of the remaining black solid matter, palladium metal was 61 mg. Based on these results; the loading of palladium metal was estimated to be 0.76 mg g −1 of wet weight of BC (0.055 mg cm −2 of disc area). Initial loading of Pd 0 could not be determined RCCR was able to treat a large volume (∼23 L treated over a period of 2 months) of PCP solution with relatively small quantity of immobilized palladium. During this period the catalytic activity of PdBC in the reactor remained consistent. Thus, if constructed and managed properly, RCCR may prove to be an Table 1 Comparison of the experimental conditions and results reported in the literature for the dechlorination of selected pollutants using immobilized palladium with those observed in the present investigation for the dechlorination of PCP using palladized bacterial cellulose Phenol detected with an overall yield of 42% Present study economically viable option for the rapid treatment of water contaminated with PCP. A concise comparison of the experimental conditions and results reported in the literature for the dechlorination of selected pollutants such as PCP, 4-chlorophenol (4-CP) and lindane using immobilized palladium with those observed in the present investigation for the dechlorination of PCP using PdBC is provided in Table 1 .
Conclusions
RCCR seems to have high potential for remediation of large volumes of water contaminated with PCP. RCCR is simple and flexible with respect to: (a) immobilization of bacterial cellulose onto rotating discs, and (b) in situ reduction and immobilization of palladium onto bacterial cellulose, and (c) operation in batch or continuous flow mode. Efficient dechlorination of PCP to the hydrocarbon end products, such as phenol within pH range of 5.5-6.5 suggested that bacterial cellulose is a suitable support matrix for the reductive catalyst, palladium. SEM, EDS and XRD analyses suggested the irreversible deposition of Pd 0 particles on the BC fibrils. Irreversible immobilization of palladium in BC and its reusability is expected to reduce the cost of treatment process to a significant extent.
